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It is proposed that the inflaton field is proportional to the fluctuation of the number density of
degrees of freedom of the fields of particle physics. These possess cut-off momenta at O (mPlanck),
but this fluctuates since the fields propagate in an underlying space-time transplanckian substratum.
If the latter is modeled as an instanton fluid in the manner of Hawking’s space-time foam, then this
identification, in the rough, is equivalent to the inflaton being the fluctuation of the spatial density
of instantons. This interpretation is suggested by Volovik’s analogy between space-time and the
superfluid. (However, unlike for the latter, one cannot argue from the analogy that the cosmological
constant vanishes). In our interpretation Linde’s phenomenology of inflation takes on added luster
in this way to look at things, since inflation and particle production follow quite naturally from
familiar physical concepts operating on a ”cisplanckian” level.
I. INTRODUCTION
In his lectures on cosmology at Erice 1999, Professor E. Kolb in extolling the virtues of the inflaton scenario of
inflation closed his inspiring lesson with the resounding question : ”Who is the inflaton ?” In the foregoing I shall
hazard an answer. My intention, in the present paper, is to introduce more a theoretical framework of conjectural
character than any quantitative realization. I hope to return to the latter in subsequent work.
My considerations on this question have in part been drawn from the work of G.E. Volovik [1] who uses the argument
of the stability of the ground state of a superfluid to deduce the vanishing of the analog of the cosmological constant
in the superfluid. Unfortunately the same is not true of the cosmological fluid. Nevertheless Volovik’s analogy carries
with it some important lessons.
In addition to the above, much that has motivated me is contained in the various theoretical currents which, in the
past, have been brought to bear on inflation. Therefore I have thought it useful for the reader to have at hand a brief
history that emphasizes those aspects which have prompted my present thoughts on the subject. This is the matter
of Section 2.
Section 3 is a presentation of Volovik’s analysis that leads to the vanishing of the analog of the cosmological constant
in the superfluid.
Section 4 is the heart of the paper. It will first be shown that the stability considerations of Volovik of themselves
are insufficient to lead to vanishing pressure, the difference with the superfluid being that the various elements of
which the early universe is comprised are not conserved in number. Thus Volovik’s argument does not, at the present
stage of our knowledge of planckian physics, obviate the necessity of the conventional ad hoc subtraction that sullies
usual quantum field theory. Alas !
Once the vacuum cosmological constant is set to zero, the inflaton emerges in a natural way. It is a field which,
up to a scale, is equal to the density fluctuation of the ”cosmological fluid”. Density of what ? A picturesque model
can be formulated in terms of the space - time foam of Wheeler [2]. Then it is the density of the foam elements, the
gravitational instantons of Hawking [3].
However, for those who find foam a too tenuous hypothesis, the notion of density can be otherwise formulated.
Namely the mode expansions of the fields we use to describe matter possess a momentum cut-off at O(mpl), the
planckian mass scale. Whence their number density is 1 O(m3pl). This density can fluctuate. In fact, in the foam
picture these two definitions of density are equivalent since the cut-off is at the inverse of the inter instanton spacing,
in analogy to the interatomic distance of solids or liquids. This being said most of the text will refer to the foam
model when explicitation is called for, since as stated, it is picturesque.
The reader who finds foam unsavory has recourse to mode density which may be more to his taste. But he must
admit that there is some mechanism, variational in character which establishes a mean density. The modes we use
cannot exist beyond planckian momenta since their gravitational interactions then become dominant. So these would-
be degrees of freedom must fold up into some structure or other held together by gravity - or eventually the multi -
dimensional generalization of gravity, current in string and brane theory. So, foam or not, one is led to admit that
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there exists some (yet unknown) dynamics which follow from an action principle which delivers average quantities
variationally. In line with this point of view is a recent paper of A. Kempf [4] who introduces the cut-off of modes
through a mutilated commutator of coo¨rdinates and momenta. He then proceeds to show how, in this formalism, the
average density of modes is kept constant during the cosmological expansion.
Therefore I believe that my appeal to stability against density fluctuations is a rather well founded model indepen-
dent principle. Hence the inflaton model is well founded since the inflaton is the fluctuation !
Throughout we adopt the traditional point of view that there is only one fundamental length scale, planckian. And
that Einsteinian gravity holds good down to this scale. The severity of the hierarchy problem has prompted some to
introduce a second scale at O (Tev), whilst retaining m−2pl as the coupling constant of gravity at lower energy scales. In
the event that this type of hypothesis turns out to be valid, the inflationary scenario (and the inflaton) would require
serious revision. I believe that my interpretation of the inflaton would still go through, but the type of fluctuation
that one would have to call upon would be most unnatural, a planckian amplitude in a problem whose scale is Tev !
The paper closes with Section 5, an account of how the ideas of this paper could lead to an understanding of what
one calls the present day cosmological constant. The reader will concur with me in his judgment that this section is
more hypothetical than the rest. And I should not be surprised if there are many who add that that is not saying
much. But we must try, for without hypotheses physics will not advance, Mr. Newton to the contrary. Hypotheses
fingo !1
II. A BRIEF HISTORY OF INFLATION AND THE INFLATON
In 1977-78, an inflationary epoch was proposed to initiate the cosmological expansion [5,6]. This early exponential
expansion was shown to cure the problems of causality [6] and flatness [7] which arose in consequence of the backward
extrapolation of the Robertson-Walker (RW) adiabatic expansion. How could one account for the observed homo-
geneity of matter and radiation in a large universe containing some 1090 quanta given the particle horizons that one
encounters at smaller length scales upon making this extrapolation? And how could one explain that the curvature
term in the equation for energy balance was of the same order of magnitude as the energy density of matter, or
perhaps even negligibly small ?
For reasons, then unknown, the initial epoch turned over to the adiabatic expansion once the universe had acquired
the necessary size and number of quanta to account for present day observations. This early exponential expansion,
therefore, could not be ascribed to a cosmological constant Λ0. Indeed, it was postulated that Λ0 should vanish, i.e.
that flat empty space be a solution Einstein’s equations.
At this point different options were available for the energy source in matter that could drive the inflation. The first
that came to mind was production of physical on mass-shell quanta, possible in view of the negative kinetic energy
carried by the gravitational mode concerned with cosmological expansion, the scale factor [5,6].
A self consistent mechanism in which matter drives the expansion and vice versa was investigated [8] within the
semi-classical approximation for gravity. This turned out to be untenable since it involved usual field theory at an
energy scale which was transplanckian (the mass of the quanta was subject to a lower bound which was greater
than planckian and renormalization procedures had to be introduced at the transplanckian level as well). An effort
of reinterpretation in term of black holes rather than quanta was then made [7] but this removed the fundamental
theoretical support for production. Nevertheless, some of the ideas of reference [7] will be found in what follows, but
in a somewhat different context.
Along similar lines, one could appeal to the zero point energy of a conformally invariant field theory [9] in the form
of the conformal (or trace) anomaly. But once again one runs into transplanckian problems. The Hubble constant
derived through this mechanism is transplanckian in character, so that the formal procedures used to derive the trace
anomaly, a property of free field theory in curved space, become specious.
Moreover in these types of theories the mechanism of turnover from the inflationary to the adiabatic stage, becomes
rather artificial, though in itself this does not offer grounds for dismissal of such hypotheses. In particular see [7] on
black hole evaporation.
The second type of energy source is based on potential energy rather than energy carried by quanta (or black holes).
The first idea along these lines was to appeal to a phase transition [10], especially attractive in the early 80’s in view
1Newton, in addition to all else, had a remarkable command of Latin. “Fingere” carries with it the sense of the English
“fabricate”, precisely in its two senses.
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of the grand unification hypothesis then in vogue. However, for dynamical reasons, the idea could not be sustained
owing to the sweeping out of the bubbles formed in condensation, due to the rapid exponential expansion.
Therefore other effective potentials were proposed exhibiting the so-called slow roll [11], which did not give rise
to this undesirable feature. Nor, in general, did they have much theoretical foundation. It was then realized that
there was a very simple way to obtain the desideratum. And here we are today with Linde’s simple inflaton model of
chaotic inflation [12,13] showing the way to successful phenomenology.
It is proposed that there exists a scalar field, ϕ, whose mass, m, is somewhat less than planckian. Its dynamics is
governed by an action in which ϕ is coupled to gravity in the simplest possible way, added to which is a coupling to






2ϕ2] + interactions of ϕ with matter
The field ϕ is treated classically. At some initial time there is a fluctuation in which ϕ 6= 0 over a region sufficiently
large so as to sustain inflation, this latter being induced in the early stages by the finite potential energy of ϕ in this
region. The initial value of ϕ is taken of the order of the planck mass, but the mass, m, is cisplanckian. The extension
of the fluctuation is over several planckian lengths, otherwise the inflation rapidly gives out.
Linde [13] has proposed a picture of a fluctuating medium which is fractal in character, universes within universes
which strongly resembles the proposal of Casher and Englert [7] given some two decades ago. I shall not touch upon
this aspect, apart from mentioning that, in our discussion of how one might model fluctuations in a cosmological fluid,
one can see how such a notion can arise. Small fluctuations can exist within larger ones, much in the spirit of the
ordinary renormalization group of field theory.
What is to be stressed is that the inflaton, ϕ, is invented for the sole purpose that it gives rise to the desired
inflationary scenario. In particular the exponential expansion decays away under the combined effects of the mass
term and the inflaton coupling to the Hubble constant, this latter providing for an effective friction. The initial
potential energy is then converted to ordinary matter energy (quanta) through the coupling of ϕ to matter. The
inflaton itself, then, is not ordinary matter, Hence Kolb’s question : Who is he ?
One of the really attractive features of the inflaton scenario is that it accomplishes in a more gentle way the goal that
was initially set [5–8], particle production engendered by an early exponential expansion. In the two stage process,
alluded to in the previous paragraphs one does not require transplanckian physics for its realization thus relieving
the initial proposal of that unpleasantness. That is to say, whereas in the initial conception inflation and production
go together, in Linde’s conception inflation induces production through regression of the fluctuation. But unless it is
given some theoretical underpinnings the idea, as attractive as it might be, still has its roots in the realm of fancy.
Let us see how one might furnish some underpinnings.
III. THE SUPERFLUID
Liquid He4 at zero temperature is in a stable ground state. That is it exists at zero pressure, being held together at
a finite mean density which is fixed by the interatomic forces and to some extent the zero point energy of its collective
mode, the phonon.
We first present Volovik’s argument for the vanishing of the analog of the cosmological constant in thermodynamic
terms and then repeat the exercise in a more mechanical way to bring out its variational character.
In macroscopic physics one makes use of the grand ensemble to describe a portion of the fluid. The symbol 〈〉 in
what follows means expectation value in the grand ensemble of quantities which are enclosed within a fixed volume
V . Moreover we concentrate on the ground state (zero temperature). Nevertheless we take over from the general case
the fact that the effective energy is E −Nµ where µ,the chemical potential, is given at T = 0 by
µ = ∂〈E〉/∂〈N〉|V,T=0 .
The pressure is defined in the ground state 〈〉N of N particles
〈p〉N = −∂〈E〉/∂V |N=〈N〉,T=0 (1)
It is related to grand ensemble quantities through
−〈p〉V = 〈E〉 − µ〈N〉 (2)
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or in terms of intensive variables ( = E/V , n = N/V )
−〈p〉 = 〈〉 − µ〈n〉 (3)
From (1) we see that for a total quantity of a stable liquid containing N particles, the variational principle tells us
that the ground state of such a sample has p = 0. This is because the volume adjusts itself to fix the density at the
value that minimizes the energy.
In the grand ensemble p fluctuates since N fluctuates. But its average, like the average of N , conforms to that of
the isolated system, whence 〈p〉 = 0 as well. From 3 one then sees that in such a situation the internal observer, who
is always within V such as is our case in the cosmos, works with an energy ˜(= − µn) which on the average is zero
when the ground state is stable. This is Volovik’s argument for the vanishing of both pressure and energy.
The same follows directly and more mechanically from 1:
−〈p〉N = ∂V 〈〉
∂V
|N=〈N〉,T=0
= 〈〉N + V ∂〈〉
∂V
|N=〈N〉,T=0
= 〈〉N − 〈n〉N ∂〈〉N
∂n
|n=〈n〉
= 〈〉N − 〈n〉Nµ (4)
Volovik’s observation is then, that the use of grand ensemble energy automatically supplies a subtraction (= 〈n〉µ)
which sets to zero the analog of the cosmological constant in the stable material fluid (Recall that if Λ0 is the
cosmological constant then −p =  = Λ0).
We shall see shortly that this very nice result is not applicable to the cosmological fluid without further subtraction.
And the latter is far more ad hoc than the grand ensemble subtraction advocated by Volovik.
Nevertheless what we learn is significant. Namely a density fluctuation (≡ δn) is accompanied by an increase in
energy given by













where δn is taken small compared to 〈n〉. Volovik uses this result to compute the speed of sound when it is put
in conjunction with variations of the phase of the superfluid wave function. This latter concept is foreign to the
cosmological fluid. Rather δn is a field in itself which has (mass)2 proportional to B. We shall identify it with
the inflaton once we can interpret the density n, whereupon one can then argue that its associated action is that
postulated by Linde.
IV. THE COSMOLOGICAL FLUID
For definiteness let us begin by modeling the cosmological fluid as space-time foam. Then the energy density in
vacuum is
 = F + M + FM
where F is the energy density of foam, M that of the zero point motion of matter fields and FM their coupling.
In contradistinction to the superfluid, there is no conserved N . (The number of instantons is not conserved ; nor
is the number of degrees of freedom of matter fields). To be sure there is a variational principle that determines the
energy of the ground state which resembles p = 0. That is ∂E/∂V |N,T=0 = 0. This is an equation that fixes the mean
density of foam (or equivalently the density of matter degrees of freedom) and is equivalent to the hypothesis that
vacuum is stable against density fluctuations. But it is not the statement that p = 0. Indeed one has at T = 0,
−p = dE/dV. (6)
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The difference has strong physical content. When N is fixed and conserved, as V varies necessarily the density
varies with it. So the system seeks the volume which gives the optimal density so minimizing the energy, which
translates into the statement p = 0. If N is not conserved what happens to vacuum in the mean is quite different. As
the volume varies, 〈N〉 varies with it so as to keep the density optimal. This is what happens in cosmology when a








whence if  is the constant mean energy density of vacuum one has p = − = −Λ0 where Λ0= cosmological constant.
There is nothing in the argument of stability of itself that fixes  = 0.
It is instructive to turn this argument in thermodynamic terms which are perhaps more familiar. Namely the
variational principle for a system where N is not conserved, at T = 0, can be expressed as
∂E/∂N |V = 0 (8)
thereby fixing the optimal density. This is a special case of the vanishing of the chemical potential at finite T if N is
not conserved
µ = ∂F/∂N |T,V = 0 (9)
where F is the Helmholtz free energy. (Note that this in no way implies p = 0 where p = −∂F/∂V |T ). The vanishing
of µ is a variational statement which fixes the density at fixed T so as to minimize F within a given volume. Thus for
example a box of photons contains 〈N〉 photons where 〈N〉 = constant× V T 3, the value necessary to minimize F .
We conclude, unfortunately, that Volovik stability in itself does not imply Λ0 = 0. There are two possibilities to
confront this problem.
1) There is an apparent accident namely  (〈n〉) = 0. One can construct models which contain a sufficient number
of parameters to make this come about. But to my knowledge, there is, at present, no more justification of this than
of the usual conventional postulate, to wit :
2) Gravity is sensitive only to the subtracted energy density (≡ c):
c = (n)− (〈n〉)
from which one has from 7 et seq., Λ0 = 0 where 〈〉 is replaced by 〈c〉.
Perhaps a less brutal formulation is that gravity is a response to disturbance. If n is constant everywhere and
equal to a variationally determined 〈n〉, there should no physical response to such a state of quiescence. One may
formulate this as the “faith of the physicist”, and one may hope that this faith will one day be confirmed when finally
a reasonable fundamental theory of quantum gravity emerges from the present confusion.
An optimistic outlook on this question is to refer back to Option 1, above. As an example, we take Eq 12. below.
Then the ratio of the two parameters Z and mI which fixes the partition between the energy lodged in ”conventional”
physics and that which is hidden from us on the planckian scale would be fixed by principle, Λ0 = 0. This is what
we all believe and none of us understands. My point is that, like the principle of equivalence, this principle should be
present in the ultimate theoretical framework ab initio.
Be that as it may, we adopt the subtracted c as the appropriate vehicle to describe cosmological physics (and
physics in general). Of course c enjoys the same variational property as :
dc/dn = 0 at n = 〈n〉 (10)
so we now can proceed to think about fluctuations.








where one expects 〈〉 = O(m4pl). To make things more concrete take a very simple model of foam which illustrates
the point.
 = mIn + Zn
4/3 . (12)
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mI is the instanton mass. The quantity n
4
3 is proportional to the zero point energy density of a mode, these being






. The parameter Z indicates that this zero point energy must be taken as a properly
weighted sum in which bosons (fermions) make a positive (negative) contribution,. Moreover Z can contain factors
of O (1) related to low energy physics, as well as irrelevant kinematic factors.
In this model one will have a stable minimum if mI < 0 and Z > 0 (boson domination). From (12) the solution of
∂/∂n = 0 leads to
〈n〉 = 3
4







δn2 ; δn = n− 〈n〉 . (14)
To repeat: the model is purely illustrative. One may have MI and Z of either sign upon including higher powers of
n, these originating in interinstantonic interactions and/or mode-foam interactions. The essential requirement is that
〈n〉 arises in consequence of a minimum of (n).
Eq (14) is identified with the potential energy of the inflaton field, ϕ, where 〈ϕ〉 = 0 and
1
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B is the bulk modulus of the cosmological fluid. We now take this as our postulate to explain inflaton physics in a
model independent way to wit:
1) There exists a notion of density, either mode density or in the case of the foam, instanton density. These are
then equivalent
2) The mean density is determined variationally dc/dn = 0 where c(〈n〉) = 0. By fiat !
3) The inflaton is proportional to δn and its mass to
√
B.
We shall now argue that δn should have the usual attributes of a scalar field. For example in the action there will
be a term in (grad δn)2. This comes about because adjacent regions may have different fluctuations δn. Then δn will
vary in a boundary region between them. Since the energy stocked in the boundary cannot be directional in character
the first term that comes up is (grad δn)2.
Arguments of covariance then ensure us the action will have a term gµν(∂µδn)(∂νδn). That is to say δn necessarily
has time dependence as well [14]. As a concrete example we may refer to Hawking’s development of foam in 4+0
dimensions [3]. When analytically continued to 3+1 we will find the above.
Less formally (and perhaps more importantly), δn is a collective variable which results from the consideration of
myriads degrees of freedom. It has been at the center of our attention because it is the variable to which cosmological
gravity (the curvature of homogeneous spaces) responds. From all our experience in physics there must be a momentum
conjugate to δn so that if there is a fluctuation it may regress. It must ”roll downhill”. This is the heart of Linde’s
inflationary scenario and its enactment is beautifully represented by δn.
To construct a canonical field theory from δn one must rescale it by a mass parameter
ϕ = δn/m20
where we expect m0 = O(mpl). To fix m0 quantitatively one must use dynamics to determine the Poisson bracket of
δn with its associated momentum (proportional to dδn/dt). This is model dependent and it will require much effort
to get a quantitative estimate. The same is true for B, hence m2. The important point is that the phenomenology
should at least have a conceptual basis and this is what we are aiming for at the moment.
A truly attractive feature of δn as candidate for the inflaton is that its coupling to matter fields emerges quite
naturally. Consider a region in which δn 6= 0. Then the modes in this region differ from their counterparts taken in
vacuum in the mean.
For example in the foam model, the instanton spacing intervenes critically. Thus what is vacuum of modes in one
region is excited in another. Therefore as the fluctuation regresses it will excite quanta. We hope to return to this
problem as it appears feasible to give some account of post-inflation heating (often called reheating) in this picture,
hence going beyond the schematic phenomenological formulation that exists at present in the literature.
It should be also be noted that the fractal character proposed in refs [7] and [12,13], will be naturally expressed as
smaller fluctuations of δn immersed a larger region of fluctuation.
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In general terms, it is fair to say that δn shares the properties that one ascribes to the phenomenological inflaton.
And moreover that the variational property that one calls upon to establish this fact is physically reasonable, perhaps
compelling. The main point, as stressed in Section 2 is that inflation and particle production are envisioned as
a 2-stage process: fluctuation → production avoids the transplanckian trauma. And moreover one has a natural
mechanism to stop inflation.
V. THE PRESENT DAY COSMOLOGICAL CONSTANT, ΛP
Observations indicate that there is a component of the present day mean energy momentum tensor which appears
to behave like a cosmological constant. Call it Λp. One finds in order of magnitude that Λp ≤ M where M is
the usual pressureless component characteristic of the matter dominated universe. Note that this characterization is
necessarily approximate. One cannot have Λp = const× M where M varies as a−3 (a=scale factor) since the Bianchi
identify.
−p(da3/dt) = d(a3)/dt
would then give p = 0. The hallmark of a cosmological constant is p = − < 0. However up to log terms the statement
does make approximate sense. For example if  is of the form














In this way  does not differ much from its usual behavior, yet p is negative i.e. in a given covolume matter does get
produced !
In view of such uncertainty, all that we can aim for at present is some reasonable mechanism through which the
presence of matter could induce such an effect. To imagine that the observation is a vacuum effect would seem absurd
since this would entail fine tuning of O(M/m
4
pl).
Let us catalog some possibilities that come to mind in our interpretation of the inflationary scenario.
1. It could be that the mass of one of the components of matter grows in time, for example like ln t. This is
rather out of keeping with our view of how particles are made. In renormalization group calculations one builds up
from some scale which is a bit greater than planckian in length out to the length which is characterized by the mass
scale of the particle (or the gluon energy density scale in hadrons). Thus one covers a certain number of planckian
cells and then stops. There seems at the moment no particular reason why this terminus of Renormalization Group
calculations should grow just because the universe does. But this option must be kept in mind.
2. One might have thought a linear coupling of δn to M could work. This would shift 〈c〉 but the variational
principle has it that a linear shift in 〈δn〉 results in a quadratic increase in energy. The result is an increase in energy
density O(M /m
4
pl)M , too small by O(10
−120).
3. But isn’t it more likely that the coupling is quadratic (in (δn)2M ) since gravity couples to energy density and
that is (δn)
2
, not δn ? This would result in a shift of mass2 of the inflaton which is O(M/m
2
pl). So if the inflaton field
is quantized, as it should be in the ultimate theory, this will result in an increase in energy density O(M ) which is
coming close to what we want. To arrive at the desideratum one would have to go beyond the Hartree approximation
(1 loop level) which is behind the above estimate. If in so doing one encounters log terms, like ln M , one could
account for the observation provided the net sign is positive. (I have used the fact that ln M contains ln a
−3, hence
a term in ln t). Thus there are signs of encouragement and work to be done.
4. An option similar to point 3 is present in the foam model. The mass of the instanton could increase by O(M ),
say due to the polarization of matter around it. Once more one would have to go beyond na¨ıve estimates to see if
there are log terms and once again it is not without hope that this could work.
The general conclusion is that our interpretation of the instanton as a density fluctuation, not only can account for
the phenomenological theory of Linde, but harbors within it the possibility of explaining Λp through a modification
of the vacuum structure due to its coupling with matter that is present in the universe.
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